Since the low-energy proton spectra are attenuated rapidly with shielding, the important factors for determining the exposure levels at sensitive tissue sites are the mass distribution of shielding materials and the astronaut's body. We show that chronic exposure to SPEs is the major risk while the risk of early effects is very small due to the reduction of dose-rates behind shielding (<1 cGy/h). Polyethylene, graphite carbon, the conventional vehicle material of aluminum, and the extra-terrestrial material of Martian regolith are considered in the current study. Results will guide the design of protection systems for astronauts in case of exposure to large solar particle events during future space missions. This material is declared a work of the U.S. Government and is not subject to copyright protection in the United States. 
II. Solar Particle Events: 1955-2005
The list of major SPEs and the proton fluences for solar cycles 19-21 (1955-1986 ) assembled by Shea and Smart 5 contain all the available flux and fluence data in the form of useful continuous database. From 1986 to the present (solar cycles 22 and 23), a SPE list and the GOES spacecraft measurements of the 5-min average integral proton flux 6 were obtained through direct access to NOAA's NGDC. For the completeness of the event-integrated fluences with energy above 30 MeV (Φ 30 ) of SPEs for the past five solar cycles, the SPE fluences for solar cycles 19-21 were taken from the reference 5, and those for the cycles of 22 and 23 were calculated using the extensive direct GOES satellite particle measurements of integral proton flux.
6 Table 1 lists the large SPEs for the past five solar cycles, where the omnidirectional proton fluence of Φ 30 exceeds 10 9 protons/cm 2 . 3, 4 are significantly smaller than the value given here. It is given as 1.3 x 10 9 protons/cm 2 by Freier and Webber. 4 (b) Φ 30 for solar cycle 22 and 23: calculated using corrected 5-min average proton flux of GOES measurements 6 Note 2: Φ 30 for the combined 3 major peaks occurred during 10/26-11/6/2003: 3.42 x 10 9 protons/cm 2 Note 3: Maximum peak in 1 day later on July 11, 1959 ; no exact time available 5 Note 4: Maximum peak in the same day on February 23, 1956 ; no exact time available 5 Using the list of 216 particle events recorded by NOAA's GOES satellite, 6 the event occurrences within 3 months period are plotted in Fig. 1-3 for solar cycles 21-23, respectively. Monthly mean sunspot numbers are included in these figures to show the association between SPE occurrence and solar activity. The distributions clearly show an increase in SPE occurrence with increasing solar activity; however, no recognizable pattern can be identified. Also, the occurrence times of large SPEs are marked with arrows in these figures: the criteria for these events having Φ 30 > 10 9 protons/cm 2 for cycles 22 and 23 ( Fig. 2 and 3) ; and Φ 30 > 10 8 protons/cm 2 for the cycle 21 ( Fig. 1) , due to the absence of SPE having such large criteria of Φ 30 > 10 9 protons/cm 2 for this cycle. Large events have definitely occurred during solar active years, but have not occurred exactly during months of solar maximal activity. Moreover, they are more likely to occur in the ascending or declining phases of the solar cycle. 12 This sporadic behavior of SPE occurrence is a major operational problem in planning for Moon and Mars missions. However, historical large SPE environments are examined as one of probabilistic approaches for the protection and planning, and the examination can guide the design of protection systems for astronauts in case of exposure to large SPEs during future deep space missions. 
III. Radiation Transport at Sensitive Sites
The Baryon transport code system, BRYNTRN, 8, 9 was used to predict the propagation and interaction of the SPE nucleons through various media. This code includes the transport of light ions (n, p, 2 H, 3 H, 3 He, and α), and the local energy deposition for heavier target fragments, by solving the fundamental Boltzmann transport equation. Within the straight ahead and continuous slowing-down approximations, the transport equation is written as To evaluate the flux of particles of type j with energy E, the input database required consists of the stopping power, the macroscopic total nuclear cross sections, and the differential nuclear-interaction cross sections. The differential cross sections σ jk describe the production of type j particles with energy E by type k particles of energies E′ > E. These data are those compiled for the present BRYNTRN code system. 8, 9 The absorbed dose D due to energy deposition at given location x by all particles is calculated according to
For human exposure, the dose-equivalent is defined by the quality factor Q, which relates the biological damage incurred from any ionizing radiation to the damage produced by soft X-rays. In general, Q is a function of linear energy transfer (LET), which depends on both particle type and energy. For dose-equivalent calculations, the quality factors used are those defined by the International Commission on Radiological Protection in 1990 (ICRP 60). 13 The values of dose-equivalent H are computed at a given location x by all particles according to
Simple spacecraft geometry is chosen in which an astronaut is assumed to be at the center of a large spherical shell of uniform material with various shielding thicknesses. Inside a shield enclosure, three critical organs are considered: skin, ocular lens, and blood forming organ (BFO). Dose-equivalent at the critical site is calculated with the point particle fluxes of evenly spaced distribution of 512 rays over a 4 π solid angle that traverse water (the tissue equivalent material). The tissue thickness distribution surrounding a specific site is generated using the Computerized Anatomical Man (CAM) model, 10 which contains 2400 separate geometric tissue regions of several different elemental compositions and densities. The human body geometry is based on the 50 percentile United States Air Force male in the standing position. In addition to three critical sites, the effective dose is also considered for the radiation protection purpose, which is the representative quantity of stochastic effects for human body where the radiation quantities of individual organs or tissues are multiplied by their respective tissue weighting factors. 13, 14 
IV. Dose/Dose-Rate Distribution from SPE Exposure
Although the critical energy associated with the fluence depends on shielding, the critical fluences have been defined in an earlier study of shielding from SPE exposures in deep space. 15 Potentially debilitating events that are about one order of magnitude larger than those critical fluence levels were considered in the current study, i.e. two large events of November 12, 1960 
A. The Hourly Distribution of SPE Fluence for Dose/Dose-Rate Distribution
Aside from the total fluence, the dose rate is an extremely important parameter for the biological response models. For low-LET radiation exposure such as protons, the biological damage is dependent on dose-rates. 7, 16 Since SPEs have variable dose-rates that may extend above the so-called low dose-rate regime (5 cGy/h), dose-rate dependent factors over the time-course of SPEs could be important. To assess the temporal behavior of the large events, hourly exponential rigidity spectra were calculated with continuity of hourly-integrated proton fluences at 30 and 60 MeV, which were calculated using GOES data for October 2003 SPE and January 2005 SPE, 6 while those previously reported values 17 were used for August 1972 SPE. Fourteen exponential spectral determinations made by Freier and Webber 4 were used for the analysis of November 1960 SPE. The resultant proton differential energy spectra at each hour were transported through various thicknesses of spacecraft and body tissue materials to evaluate American Institute of Aeronautics and Astronautics the particle spectra at the sensitive sites using the BRYNTRN 8, 9 and the computerized anatomical man (CAM) model. 10 Hourly-averaged proton fluxes of GOES data are shown in Fig. 4 during Oct 26 -Nov 6, 2003 SPEs, where three consecutive events occurred continuously for 12 days and the combined total fluence of Φ 30 is stated in the note 2 of table 1. Time analyses for BFO dose rate and its cumulative dose equivalent behind various shielding thicknesses are shown in Fig. 5 and 6, respectively. Since the frequency of chromosomal aberrations is influenced significantly by dose rate, hourly BFO dose rates behind various spacecraft thicknesses are compared in Fig. 5 . When 1 cGy/h is considered as the start of a transition from low to high dose rates, calculations indicate that the temporal behavior of dose rate at BFO is rather low for the October 2003 SPE except during the first major pulse. Furthermore, during high dose rate exposures protection can be easily achieved by adding a small amount of spacecraft material as shown in Fig. 5 . The cumulative dose equivalent over the entire events of 12 days shown in Fig. 6 indicates the amount of exposure incurred from major peaks. During the peak times, the recommended exposure limit at BFO (25 cSv) is easily exceeded with the small amount of spacecraft material shown in this figure. The conventional amount of spacecraft material of 3-5 g/cm 2 shielding may provide adequate protection to avoid the short-term dose limit requirement on the Crew Exploration Vehicle (CEV) and other vehicles during this SPE as the current 30-day exposure limit is considered. American Institute of Aeronautics and Astronautics
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1.E+00 Dose rate effects were considered during the certain period of exposure times for the event of August 2-11, 1972. 17 The temporal behavior shown in Fig. 7 suggests significant biological damage would be incurred during the first major peak times. We note that biological effects are expected to increase significantly for dose rates above 5 cGy/h. For the major flux peak after the onset of the event, rather heavy shielding (up to 30 g/cm 2 ) provided would be insufficient to reduce the BFO dose rate below 1 cGy-Eq/h. The current recommended 30-day exposure limit at BFO is easily exceeded, and early effects from acute exposure may not be avoided when only conventional amount of spacecraft material is provided in order to protect BFO from this class of SPE as shown in Fig. 8 . To avoid placing unrealistic mass on a space vehicle and at the same time to increase safety factors for astronauts, one shielding solution against SPE would be the selection of optimal vehicle/shielding materials, since it has been shown that materials with lower atomic mass constituents have better shielding effectiveness.
18, 19
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1.E+01 A wide variety of detection techniques have been used on balloons and satellites to measure the proton spectrum of all significant SPEs occurring in solar cycle 19. 3, 4, 20 There is rather detailed coverage for the event from November 12 to 16, 1960 . 4 Fourteen limited spectral determinations of characteristic rigidity, P 0 (MV), and the constant, J 0 (protons/cm 2 -s-sr), for the proton exponential spectra of November 12-16, 1960 SPE were derived using all available measurements by Freier and Webber 4 and listed here in table 2. The discrete time variations of proton flux and dose rate at each measurement were calculated with these spectral parameters shown in Fig. 9 and 10, respectively. In Fig. 10 , the peak in dose rate within the several hours after optical flare is shown. During this peak period, about 15 g/cm 2 of spacecraft material of aluminum is required to reduce the BFO dose rate to below 1 cGyEq/h. Once again, the recommended current 30-day exposure limit at BFO is exceeded behind the conventional spacecraft shielding from this event as shown in Fig. 11 . 1.E-03
1.E+00 During the most recent event of January 16, 2005 SPE, there was a sudden increase in proton flux especially for particles with energies greater than 50 MeV, as shown in Fig. 12 . Protons with energies greater than 100 MeV were increased by as much as four orders of magnitude after having declined from the major pulse. Although during this sharp commencement total fluence did not reach the value obtained at the major peak intensities, this sudden increase of high energy particles poses more threat than the major particle intensities as shown in Fig. 13 . Dose rates at the second peak are increased by more than one order of magnitude compared to those of the first major pulse, and they are not lowered by adding more shielding in which minimal shielding effectiveness of aluminum has been shown. Although the cumulative dose from 7 days of exposure does not exceed the BFO exposure limit as shown in Fig. 14 , the higher dose rates that result from the harder particle spectra in the sudden peak pose more radiation effect to human organ/tissue during this short period of time. It is noted that aluminum shielding is very efficient as adding more thicknesses during the major peak where large flux of particles are mostly low energies; while it is not efficient at all during the second sudden peak where high-energy components are increased rapidly to the SPE environment. With high-energy components in SPE, the material selection would be an efficient shielding strategy to reduce the particles' energy to below critical energy and also their fluences 18 as well as reducing vehicle mass.
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B. Total Exposure from the Large SPEs on Lunar and Mars Surface
An event of special interest occurred on February 23, 1956 15 where a striking feature was a large number of high-energy particles early in the event. However, there is still debate on the accuracy of spectral determinations for this event because only ground-based neutron monitors were available. Large uncertainties exist in the determination of spectra due to atmospheric propagation calculations that is required to unfold the spectra. Total dose equivalents are greater than 10 cSv (10 rem) at sensitive sites of skin, eye, BFO, and effective dose (E), even when various polyethylene shields are added to 20 g/cm 2 of spacecraft material in Fig. 15 . However, these results should come with the caveat of significant uncertainties in the determination of the source spectra of protons.
American Institute of Aeronautics and Astronautics For other large historical events, total BFO dose can be lowered to below 10 cGy-Eq using a polyethylene storm shelter. To reduce overall exposure at BFO to below 10 cGy-Eq for August 1972 SPE, the required polyethylene shields are 11, 7, and 3 g/cm 2 inside 0, 5, and 10 g/cm 2 thicknesses of spacecraft material of aluminum, respectively. These are shown in Fig. 16 with exposures at skin, eye, and effective tissue.
1.E-01 Calculations of the point dose equivalent and the effective dose, which is the tissue averaged organ dose equivalent, are compared for two shielding materials, graphite carbon and lunar/Martian regolith, from the August 1972 SPE in table 3. Also, included are the effective doses of aluminum, polyethylene, and liquid hydrogen to compare the shielding effectiveness. Exposure levels at effective tissue are reduced significantly by tissue shielding itself, since the low-energy proton spectra are attenuated rapidly as they traverse through the tissue materials. Hydrogen provides optimal protection and can be used in the form of fuel, water, or consumables although not in the primary structural material. Since graphite carbon, which is the backbone of carbon composites with significant hydrogen content and good structural properties, reduces the exposure level significantly when compared with aluminum, replacing aluminum vehicle with carbon composite for CEV and future spacecraft will reduce mass requirements at the same exposure level. Therefore, the effects of SPE are readily mitigated by the selection of shielding material and the tissue shielding, while the effects of GCR are not due to the contribution of target fragments in tissue and other uncertainties with high energy heavy ions. 21 A discussion of GCR is beyond the scope of this paper, however plays only a minor role for short term missions. SPE exposures on the lunar surface are reduced by approximately one-half by moon itself, and on the Mars surface by more than one-half due to the planet and the Mars atmosphere 22 of about 16 g/cm 2 vertical height of CO 2 . Total exposures from the large SPEs are shown in table 4, which show that exposure levels are within the current limit for acute lethal response inside the conventional thickness (5 -10 g/cm 2 ) of spacecraft with various thicknesses of polyethylene storm shelter on lunar surface. Based on the calculation of dose rate at BFO from August 1972 SPE shown in Fig. 7 , the modest dose rates (< 5 cGy-Eq/h) are expected during the entire period of this event with realistic amounts of conventional spacecraft material. Further reduction of dose rates to less than 1 cGy/h can be obtained by utilizing optimized spacecraft and tissue shielding on lunar/Martian surface. Risks for acute radiation syndromes are possible only during the Extra Vehicular Activity (EVA), and a well designed EVA space suit, which utilizes the localized shielding concept, could provide sufficient protection to minimize this possibility. The prodromal response is the major acute risk from the SPE exposure in addition to the background exposure from the GCR that is not considered in the current study.
However, multiple SPEs (up to 7 events) have been occurred within 3-month period as shown in Fig. 1-3 . Moreover, three major SPEs occurred within 3-month period in year 1989 as shown in Fig. 2 : August 12, 1989 SPE, September 29, 1989 SPE, and October 19, 1989 SPE. The probabilities of acute radiation syndrome and chronic response are increased with increased mission duration, in which the much worse scenario is possible, such as multiple events with all of them to be large SPEs in the mission period. In that case, the mitigation of the effects of SPEs could be possible with employing other key strategies including accurate short-term SPE forecast and delayed mission planning for the protection of astronauts, in addition to optimization of shielding. Those worse cases will be carefully evaluated in the future.
C. Consideration of Secondary Neutron Contribution on Mars Surface
Secondary neutrons are produced by high-energy particles inside spacecraft and on lunar/Mars surface. While Martian atmosphere reduces charged particles on Martian surface, it also produces neutrons. Since the neutron albedo, which is not currently treated in BYRNTRN, might be a cause for the discrepancy for dose estimation on lunar and Mars surface, 23 additional calculations of the neutron flux produced by high-energy protons are made on Martian surface using PHITS 11 (Particle and Heavy-ion Transport code System). PHITS (Particle and Heavy-ion Transport code System) developed at Japan Atomic Energy Research Institute (JAERI) is a multipurpose particle and heavy ion code. The code is made up with a combination of JAM (Jet AA Microscopic transportation model) and QMD (Quantum Molecular Dynamics) modules. 11 JAM is a hadronic cascade model. The trajectories of all hadrons as well as resonances including produced particles are followed explicitly as a function of space and time; the inelastic hadron-hadron collisions are described by resonance formation and decay at lower energies (below ~4GeV). Energy range of JAM extends from 100 MeV/u to about 100 GeV/u. QMD is a quantum extension of classic molecular-dynamics model. The QMD model is widely used to analyze various aspects of heavy ion reactions. JQMD is a QMD code developed at JAERI. JQMD includes SDM (Statistical Decay Model), and SDM is used for evaporation and fission decays of excited nuclei. 24 Energy range of this module is from 10 MeV/u to 3GeV. The data library used in the code is the same one that is used in MCNPX. 25 Then, PHITS gives same result as those of MCNPX in the data library driven energy region. Fig. 17 shows the secondary neutron spectrum, which is back-scattered from Martian regolith, from 1 GeV proton beam after passing 16 g/cm 2 CO 2 Martian atmosphere. This spectrum presents the discrepancy, which might have been caused for dose estimation by BRYNTRN where the straight ahead and continuous slowing-down approximations are treated in BRYNTRN 8, 9 at this point. This secondary neutron contribution will be implemented into BRYNTRN to improve the dose estimation. However, it appears that the dose contribution from these secondary would be minor, since the large productions are at low energies. 
V. Concluding Remarks
A complete list of SPEs for the past five solar cycles 19-23 was composed to find the association between SPE occurrence and solar activity. The distributions of SPEs clearly show an increase in SPE occurrence with increasing solar activity without recognizable pattern. From the inspection of historically large SPEs which are ranked according to the event-integrated proton fluences with energy above 30 MeV, the association between the occurrence of large SPEs and solar activity was indicated that the major events have been more likely occurred in the ascending or descending phases of solar cycle. This sporadic occurrence of SPEs and multiple occurrences of large SPEs in short period of time give problem to planning of space missions to moon and Mars.
Because dose rate dependent factors are expected to be important for biological responses, the detailed temporal behavior of historically large events is analyzed to guide the design of protection systems against exposure to large SPEs during future deep space missions. From the analysis, the doses received from most events are shown to be of low dose rates, because shielding mitigates most SPEs. For the event spectra of August 1972 SPE and November 1960 SPE, additional protection is required during certain periods of time at the major peak to avoid high dose rates. For January 2005 SPE, the fluxes of high-energy particles are increased rapidly without having the major particle intensities at low-energies. The resultant high dose rates from the harder spectra in this SPE require additional protection to avoid high exposure levels and biological responses during the rapid increase time of high-energy particles. Therefore, the accurate measurements of high-energy components of SPE are necessary which are often poorly measured.
For the reduction of overall exposure levels at BFO and other sensitive sites to less than 10 cSv from a large SPE, it can be achieved by adding effective shielding to various spacecraft thicknesses. In the case of having an event at high dose or dose rates in the future, astronauts require remaining in heavily shielded areas during peak dose rate times. Because dose rates can be reduced to less than 5 cGy/h inside polyethylene storm shelter (~ 10 g/cm 2 ), each of historically large SPEs can be characterized as low dose rates event except February 1956 SPE, which has a large number of high-energy particles. Shielding effectiveness has great impact on material selection especially from the exposure to SPEs with high-energy particles. Material with high radiation shielding effectiveness, such as polyethylene, offers about a factor of two less mass requirement for the same exposure level. It is also very efficient to stop the secondary neutrons produced inside spacecraft and on lunar/Mars surface.
Historically, multiple SPEs up to 7 events have been occurred during the short-term of three months. Moreover, couple of them is large SPEs in the same time period. The risk of early effects is usually very small from exposure to an individual SPE. However, for a worse case, in which several large SPEs occur in a short mission period and each SPE is composed with a large number of high-energy particles, the risk of early effects will be increased significantly because shielding does not mitigate efficiently high-energy particles and it will be the added concern to the major risk of chronic exposure to SPEs. Therefore, a well shielded region with material having high radiation shielding effectiveness is required against SPE exposure to prevent a serious medical problem during lunar and Mars missions, especially in the series of large SPEs exposure during the mission period.
